enza SBD with E. coli tails delivers GFP-ssrA to E. coli In principle, several SspB dimers could bind one ClpX ClpXP as well as both parental SspB molecules (data not shown). Following coexpression, the YGFM/SLA protein purified as a single species containing both mutant sub-
units, and analytical equilibrium ultracentrifugation exbinding. YGFM/SLA was also essentially as active as wild-type E. coli SspB in stimulating the degradation of periments ( Figure 1A ) gave a molecular weight (37.6 kDa) close to the expected heterodimeric value (37.9 kDa). ssrA-tagged substrates by ClpXP ( Figure 1F ). We conclude that the designed YGFM/SLA protein is fully funcThe circular-dichroism spectrum of YGFM/SLA ( Figure  1B ) was similar to that of the parent molecule, indicating tional in substrate delivery. similar secondary structures. Native YGFM/SLA also had a fluorescence spectrum that was blue-shifted rela-
Heterodimers versus Homodimers
When the SLA or YGFM subunits were purified to homotive to denatured protein ( Figure 1C) , showing that both tryptophans in the heterodimer interface are buried. In geneity under denaturing conditions and then allowed to refold, most protein precipitated suggesting an inabildenaturation experiments ( Figure 1D ), YGFM/SLA displayed a single cooperative unfolding transition with ity of both mutant homodimers to fold stably (data not shown). To compare the stabilities of different dimeric stability decreased only modestly compared to the HE SspB dimer. These experiments show that the designed combinations of natural SspB with the designed heterodimer, we denatured/renatured an equal mixture of wild-YGFM/SLA molecule forms a stably-folded dimer with structural properties similar to the SspB homodimer. type E. coli SspB and its SBD and purified the dimer containing one wild-type SBD and one wild-type fullThe design of the YGFM/SLA dimer would not be considered a success unless it bound ssrA-tagged sublength subunit by ion-exchange chromatography under conditions where subunit exchange is slow. Figure 2A strates and delivered them to ClpXP for degradation. A fluorescent ssrA peptide bound equally well to YGFM/ shows the elution profile of this purified protein following rechromatography. After 24 hr of incubation at 30ЊC, SLA and wild-type E. coli SspB (Figure 1E) , showing that redesign of the dimer interface does not disturb ssrA however, ion exchange revealed three peaks corre-rates at different concentrations of the heterodimer and GFP-ssrA ( Figure 3A ). The heterodimer with two tails and XB modules was more active than the single-tailed species, which in turn was more active than the molecule with no tails. To confirm that this result was not an artifact of the heterodimer design, we also assayed wildtype E. coli SspB variants containing two, one, or zero tails. As in the YGFM/SLA background, two XB tails were required for full enhancement of ClpXP degradation of GFP-ssrA ( Figure 3B ). The otherwise wild-type one-tailed molecule described above might generate molecules with two tails by exchange during the degradation assay. Native gel electrophoresis showed that the exchange half-life of wild-type E. coli SspB dimers is about 30 min at 30ЊC ( Figure 3C ), whereas ClpXP degradation rates were determined during a 5 min reaction at 30ЊC. Thus, only a small amount of subunit exchange ‫)%01ف(‬ probably occurred in this experiment. Nevertheless, this problem of exchange of wild-type subunits highlights the importance of being able to use the designed YFGM/SLA heterodimer, which precludes homodimer formation.
The results shown in Figures 3A and 3B can be viewed in two ways. First, two tails and XB sequences are clearly required for full SspB activity. This is true with respect to both the K M and V max for ClpXP degradation. Second, dimers with one tail are more active than those with no Figure 2B ). This experiment was repeated usClpX or masks recognition determinants in the bound ing a heterodimer consisting of a YGFM SBD and a fullssrA tag. We assume that the single-tailed constructs length SLA subunit ( Figure 2C ). Following 24 hr, only allow weak tethering to ClpX (see below), which offsets the peak corresponding to the original YGFM-SBD/SLA the inhibitory effect of binding of ssrA-tagged substrates heterodimer was detected ( Figure 2D ). SDS-PAGE conto the SBD, resulting in a substrate with properties simifirmed that this peak contained both heterodimeric partlar to those of free GFP-ssrA. ners. To exclude the possibility of slow exchange, the YGFM-SBD/SLA heterodimer was denatured and allowed to refold. Again, only the single YGFM-SBD/SLA Binding of One-and Two-Tailed SspBs to ClpX To allow another probe of ClpX interaction, we designed heterodimer peak was present (data not shown). We conclude that subunits containing the YGFM and SLA an SspB binding-pocket mutation (A73Q) to block ssrAtag binding. A73Q variants folded and dimerized normutations form a heterodimer that must be significantly more stable than either mutant homodimer. mally but did not bind ssrA peptide (K D Ͼ 500 M; data not shown). A73Q variants of YGFM/SLA heterodimers with zero, one, or two tails were used to compete for Activity of One-Tailed SspB Variants To test the importance of the number of SspB XB moddegradation of GFP-ssrA by ClpXP in the presence of wild-type E. coli SspB. As shown in Figure 3E , the twoules in substrate delivery, we purified variants with two (YGFM/SLA), one (YGFM/SLA-SBD), or zero (YGFMtailed A73Q heterodimer (K i Ϸ 2.5 M) was a significantly better competitor than the single-tailed molecule (K i Ϸ SBD/SLA-SBD) tails and assayed ClpXP degradation SspB dimers with ssrA-tagged proteins and the ClpX hexamer. Chem. Biol. 9, 1237-1245.
